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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ With optimal conditions for lactone formation determined we then looked at the scope of this sequence using other 1,3-dicarbonyls and endoperoxides in the presence of both catalysts 8a and 8b (Scheme 2 and Table 1 ). Undertaking the reaction with dimethylsodiomalonate and using catalyst 8a gave lactone (-)-9b in a comparable isolated yield and ee (entry 3). The use of ethyl sodioacetoacetate failed to deliver the butyrolactone but instead only yielded the alkoxy Michael addition product 10 as an inseparable mixture of diastereoisomers (entry 4); however, the addition of ethyl sodio benzoyl acetate gave the lactone (-)-9d using catalyst 8a in an isolated yield of 82% and an ee of 94% (entry 5). The endoperoxide 11, obtained in 87% yield from cycloheptadiene, 12 was also exposed to the optimised reaction conditions with catalyst 8a delivering (-)-13 in 82% yield and ee of 78%, while the antipode (+)-13 was obtained in an ee of 76% and a comparable isolated yield using catalyst 8b (entries 6 and 7, respectively) . When the OTBS protected seven membered endoperoxide 12, derived from commercially available tropone, 13 was treated with catalyst 8a under the optimised conditions the lactone (-)-14 was isolated in a good yield of 74% and an excellent ee of 94%, while catalyst 8b gave the antipode (+)-14 in 70% yield and an ee of 92% (entries 8 and 9, respectively). over 3-steps from (-)-20. Therefore using this approach we have a convenient asymmetric route to trans-fused xanthanolide analogues in just 5-steps and from readily available endoperoxides.
Scheme 5. Synthesis of xanthanolide analogue (-)-29.
In summary, we have developed a convenient and single pot method for the synthesis of highly enantioenriched trans-fused butyrolactones from endoperoxides. Importantly, this process gives the desired products without the use of transitions metals and also showcases the use of endoperoxides as environmentally sustainable sources of oxygen functionality. The use of this methodology in the total synthesis of xanthanolide sesquiterpenoids and analogues for evaluation of their inflammatory activity is currently being pursued and will be reported on in due course.
Experimental
General experimental procedure for enantio-enriched lactone formation.
To a solution of the endoperoxide (1mmol) in dry THF (5mL) was added the catalyst (0.1mmol, 8a or 8b as indicated below) and the resultant reaction mixture stirred at room temperature for 16h under N2. After this period a solution of the desired nucleophile (1.0mmol) [prepared in THF (3mL) by the addition of NaOEt or NaOMe (2.2mL, 0.5M, 1.1mmol) to the required malonate derivative (1.0mmol)] was added dropwise to the reaction mixture at 0˚C, and the resultant solution allowed to warm to room temperature and stirred for a further 16h under N2. The reaction mixture was then cooled to 0˚C and quenched by the addition of 1M HCl, after which it was partitioned between EtOAc (50mL) and H2O (50mL), and the aqueous layer extracted with further portions of EtOAc (2x20mL). The organic layers were then combined, washed with brine, dried (Na2SO4), filtered and the solvent removed in vacuo. The crude products were then purified by chromatography. 6, 169.5, 167.0, 84.1, 62.5, 53.9, 45.4, 43.9, 39.0, 31.1, 26.0, 22.1, 14 C NMR (100 MHz;CDCl3) δ 211. 4, 169.3, 167.0, 84.1, 53.8, 53.3, 45.5, 43.9, 39.0, 31.1, 26 .0, 22.1. 8, 169.8, 165.7, 83.8, 83.4, 54.6, 45.5, 43.7, 39.0, 31.0, 28.0, 26.1, 22 .0. 9, 191.7, 170.0, 135.8, 134.4, 129.6, 128.9, 84.1, 55.5, 45.8, 41.9, 38.6, 31.2, 26.3, 21 .7. 7, 169.4, 166.4, 79.0, 66.1, 62.6, 53.3, 44.8, 43.8, 41.4, 31.0, 25.6, 18.0, 14.1, -4.9 . 
(-)-(3S,3aS,9aR)-tert-Butyl 2,5-dioxodecahydrocycloocta[b]furan-3-carboxylate ((-)-9c

(-)-(3R,3aS,9aR)-3-Benzoylhexahydrocycloocta[b]furan-2,5(3H,6H)-dione ((-)-9d
(-)-((3R, 3aS, 8aR)-ethyl 2,5-dioxooctahydro-2H-cyclohepta[b]furan-3-carboxylate ((-)-13
General methylation conditions. Method A:
To a solution of the endoperoxide 4 or 11 (1.00mmol) in dry THF (10mL) was added the catalyst 8a or 8b (0.1mmol) and the resultant reaction mixture stirred at room temperature for 16h under N2. After this period a solution of NaCH(CO2Et)2 [1.1mmol; prepared from H2C(CO2Et)2 (193mg, 1.10mmol) and NaOEt (2.30mL, 0.5M soln., 1.15mmol) THF (5mL)] was added dropwise to the reaction mixture at 0˚C, and the resultant solution allowed to warm to room temperature and stirred for a further 16h under N2.
The reaction mixture was then cooled to 0˚C and iodomethane (94μL, 1.5mmol) was added after which the reaction mixture was stirred for a further 16h at room temperature. A sat. solution of NH4Cl (10mL) was then added and the solution then partitioned between CH2Cl2 (50mL) and H2O (50mL), and the aqueous layer extracted with further portions of CH2Cl2 (2x40mL). The organic layers were then combined, washed with brine (50mL), dried (Na2SO4), filtered and the solvent removed in vacuo. The crude material was then dissolved in 50% AcOH (10mL) and refluxed overnight. After this period, the reaction was cooled, carefully basified with NaHCO3 and the aqueous layer extracted with dichloromethane (2x40mL). The combined organic extracts were then dried (Na2SO4), filtered, and the solvent was removed in vacuo. The crude product was then purified by column chromatography. Method B: To a solution of the endoperoxide 4 or 11 (1.0mmol) in dry THF (8mL) was added the catalyst 8a or 8b (35mg, 0.1mmol) and the resultant reaction mixture stirred at room temperature for 16h under N2. After this period a solution of NaCMe(CO2Et)2 [1.1mmol; prepared from HCMe(CO2Et) 2 (193mg, 1.10mmol) and NaOEt (2.30mL, 0.5M soln., 1.15mmol) THF (5mL)] was added dropwise to the reaction mixture at 0˚C, and the resultant solution allowed to warm to room temperature and stirred for a further 16h under N2. The reaction mixture was then cooled to 0˚C and a sat. soln. of NH4Cl (10mL) added, partitioned between CH2Cl2 (50mL) and H2O (50mL), and the aqueous layer extracted with further portions of CH2Cl2 (2x30mL). The organic layers were then combined, washed with brine (50mL), dried (Na2SO4), filtered and the solvent removed in vacuo. The crude material was then dissolved in 50% AcOH (10mL) and refluxed overnight. After this period, the reaction was cooled, carefully basified with NaHCO3 and the aqueous layer extracted with CH2Cl2 (2x40mL). The combined organic extracts were then dried (Na2SO4), filtered, and the solvent was removed in vacuo.
The crude product was then purified by column chromatography. Using these methods the following compounds were obtained. 1, 84.0, 49.0, 45.3, 42.6, 39.9, 31.4, 25.8, 22 .9, 12.8. 3, 177.4, 83.6, 46.2, 43.5, 43.4, 41.9, 34.3, 20.8, 12 .9.
(+)-(3R, 3aR, 9aS)-3-Methylhexahydrocycloocta[b]furan-2,5(3H,6H)-dione ((+)-19). Obtained as a colourless oil (Method
(-)-(3S, 3aS, 8aR)-3-Methylhexahydro-2H-cyclohepta[b]furan-2,5(3H)-dione ((-)-20). Obtained as a waxy solid (Method
(+)-(3aR, 9aS)-Hexahydrocycloocta[b]furan-2,5(3H,6H)-dione ((+)-21).
Lactone (+)-9a (0.36g, 1.4mmol) was dissolved ethanol (15mL) and 2M KOH (15mL) and the resultant solution stirred at room temperature for 16h. After this period the reaction mixture was carefully acidified with 5M HCl, extracted with CH2Cl2 (2x30mL), and the combined organic layers dried (Na2SO4), filtered and the solvent removed in vacuo.
The crude acid was then dissolved in toluene (25mL) and refluxed for overnight. 
(-)-(3aS ,8aR)-hexahydro-2H-cyclohepta[b]furan-2,5(3H)-dione ((-)-22).
Lactone (-)-13 (241mg, 1.00mmol) was dissolved in 50% AcOH (10mL) and refluxed overnight. After this period, the reaction was cooled, basified with NaHCO3 and the aqueous layer extracted with dichloromethane (2x30mL). The combined organic extracts were then dried (Na2SO4), filtered, and the solvent was removed in vacuo. 3, 175.0, 85.6, 44.1, 43.3, 38.6, 35.9, 34.2, 20 .8. Methyl 3-((3S, 3aS, 8aR)-3-methyl-2-oxo-3, 3a, 4, 7, 8, 8a-hexahydro-2H-cyclohepta[b] furan-6-yl)propanoate ((-)-29). To a mixture of (-)-20 (282mg, 1.55mmol) and paraformaldehyde (94mg, 3.10mmol) in dry THF (2mL) was added ( i Pr)2NH.TFA (334mg, 1.55mmol) and TFA (12μL, 0.16mmol). The reaction mixture was then refluxed for 2h, after which it was cooled to room temperature and another portion of paraformaldehyde (94mg, 3.10mmol) added and the reaction mixture refluxed for a further 6h. After this period the reaction mixture was cooled, the solvent removed in vacuo and the residue dissolved in CH2Cl2 (40mL) and washed sequentially with 1M HCl (30mL), NaHCO3
(-)-
(30mL) and finally brine (30mL). The combined organic layers were then dried (Na2SO4), filtered and the solvent removed in vacuo. The crude oil was then purified by chromatography (Rf 0.4 in 3:1 ethyl acetate/petroleum ether) to give the desired methenylated compound as a colourless oil (182mg, 61%) which was used without further purification. The methenylated compound (160mg, 0.825mmol) was dissolved in methanol (6mL) and to this solution was added CeCl3.9H2O (308mg, 0.825mmol). The reaction mixture was cooled to 0˚C and to the stirring solution was added NaBH4 (102mg, 2.68mmol) in portions over 20min. After the addition the reaction mixture was then monitered by tlc until the disapperance of the starting material was detected. After approx. 1h the reaction was cooled once again cooled to 0˚C and carefully quenched with a sat. solution of NH4Cl. The reaction mixture was then transferred to a separating funnel and the aqueous extracted with ethyl acetate (3x20mL), and the resultant combined organic extracts dried (Na2SO4), filterred and the solvent finally removed in vacuo. The crude product was then immediately dissolved in trimethyl orthoacetate (1.00mL) and to this mixture was added a propionic acid (1drop). This solution was then heated for 16h at reflux under a N2 atmosphere. After this period the reaction mixture was cooled and the residual trimethyl 5, 173.2, 136.2, 130.0, 79.0, 52.7, 51.8, 38.0, 37.1, 32.8, 27.4, 26.7, 24.0, 15.7. 
